microorgani:~m, Geobacter metallireducens, demonstrated that nitrate inhibited reduction of Fe(lIl) and U(VI) in cell E;uspensions of cells that had been grown with nitrate als the electron acceptor, but not in Fe(III)-grown cells. Suspensions of nitrate-grown G. metallireducens oKidized Fe(ll) and U(IV) with nitrate as the electron acceptor.
U(IV) oxidation was accelerated when Fe(lI) 1Nas also added, presumably due to the Fe(lll) being formed abiotically oxidizing U(IV). These studies demonstrate that although the presence of nitrate is nol: likely to be an impediment to the bioremediation 01: uranium contamination with microbial U(VI) reduction, it is necessary to reduce nitrate before U(VI) can bl~ reduced. These results also suggest that anaerobic oxidation of U(IV) to U(VI) with nitrate serving as tl1le electron acceptor may provide a novel strategy for siolubilizing and extracting microbial U(IV) precipitates I'rom the subsurface.
groundwaters (Lovley et a/., 1991; Lovley, 1995) . Uranium contamination of groundwater is of greatest concern in aerobic groundwaters because the oxidized form of uranium, U(VI), is soluble, and thus mobile, in the subsurface. Microbial reduction of U(VI) under anaerobic conditions produces U(IV), which typically precipitates from groundwaters as the insoluble mineral, uraninite. Previous studies with uranium-contaminated subsurface sediments demonstrated that the addition of acetate, to stimulate anaerobic respiration, promoted the reductive precipitation of uranium .
Nitrate is often a co-contaminant with uranium because of the use of nitric acid in the processing of uranium (Riley and Zachara, 1992) . Nitrate could potentially influence microbial reduction of U(VI) in several ways. For example, some dissimilatory metal-reducing microorganisms preferentially reduce nitrate before Fe(lll) (DiChristina, 1992) . Therefore, it is possible that nitrate might inhibit U(VI) reduction in a similar manner. Furthermore, some microorganisms can oxidize Fe(ll) with the reduction of nitrate (Straub et a/., 1996; Straub and Buchholz-Cleven, 1998; Ratering and Schnell, 2001; Straub et a/., 2001) . If a similar oxidation of U(IV) coupled to nitrate reduction is also possible, this could reverse the activity of any dissimilatory metal-reducing microorganisms in which nitrate did not inhibit U(VI) reduction.
Previous studies on microbial U(VI) reduction in sediments (Lovley et a/., 1991; have been conducted with sediment that did not contain nitrate.
Here we report on a study on the influence of nitrate on microbial U(VI) reduction in uranium-contaminated subsurface sediments in which nitrate is a co-contaminant. The results demonstrate that there is no net U(VI) reduction until nitrate is reduced. Studies with the sediments as well as pure cultures suggest that both the preferential reduction of nitrate over U(VI), as well as microbial oxidation of U(IV) with nitrate, contribute to the persistence of soluble U(VI) in the presence of nitrate.
Introduction
Microbial reduction of U{VI) to U{IV) has been proposed as a bioremediation strategy for uranium-contaminated tion was aerobic respiration and/or dissimilatory nitrate reduction.
:> Fig. 1 . Loss of nitrate and U(VI), and accumulation of Fe(ll) when previously aerobic sediments from Shiprock site 1103 were amended with 12 mM acetate and incubated under anaerobic conditions. Results are the means of triplicate analyses. Bars designate one standard deviation.
Sediment incubations
When the Shiprock sediments were incubated under anaerobic conditions in the presence of 12 mM acetate there was a loss of nitrate. This was followed by accumulation of Fe(ll) and a simultaneous loss of U(VI) (Figs 1  and 2 ). There was no loss of sulphate during the period of Fe(ll) accumulation and U(VI) loss. The added acetate was required for significant reduction of the nitrate and U(VI) (Fig. 2) . When nitrate was depleted and Fe(lll) and U(VI) reduction had begun, nitrate was added back to the sediments. Fe(ll) accumulation was unaffected; however, as a result U(VI) increased to initial levels (Fig. 2) . No nitrite accumulated in these incubations. After nitrate was depleted, U(VI) reduction resumed.
The effect of nitrate additions were also evaluated after Fe(lll) and U(VI) reduction were complete (Fig. 3 U(IV) that was observed when nitrate was added to the Shiprock sediments, the ability of G. metallireducens to oxidize Fe(ll) and U(IV) with nitrate was examined. Cell suspensions of nitrate-grown G. metallireducens oxidized U(IV) to U(VI) with the consumption of nitrate ( Geobacter metaf/ireducens. This organism was chosen because microorganisms in the family Geobacteraceae were predominant members of the microbial community during Fe(lll) and U(VI) reduction in the site 1103 sediments (Holmes et al., 2002) . Nitrate inhibited U(VI) (Fig. 4) and Fe(lll) (data not shown) reduction in cell suspensions of nitrate-grown cells. Nitrate was reduced in the nitrategrown cell suspensions. Nitrate had no effect on Fe(lll) reduction in suspensions of cells that had been grown with Fe(lll) as the electron acceptor (data not shown).
This corresponds with the finding that the suspensions of nitrate-grown cells reduced nitrate, but Fe(III)-grown cells did not (data not shown). Nitrate also had no effect on Fe(lll) reduction by cell suspensions of Geobacter sulphurreducens (Caccavo et al., 1994) , which do not use nitrate as a terminal electron acceptor (data not shown). In order to further investigate the oxidation of Fe(ll) and
.., Fe(ll) and U(IV) oxidation with nitrate
Discussion
These results demonstrate that nitrate can influence the fate of iron and uranium in uranium-contaminated subsurface environments through several different mechanisms. Although it was a simple matter to stimulate U(VI) reduction and removal with the addition of acetate, it was necessary for the microorganisms to first consume the nitrate. As discussed in detail below, the nitrate must be removed first, not only because nitrate reducers may out-compete metal reducers, or because some dissimilatory metal-reducing microorganisms may preferentially reduce nitrate, but also because in the presence of nitrate any U(IV) that is produced will be re-oxidized to U(VI). This potential for re-mobilizing precipitated U(IV) with the addition of nitrate suggests a novel strategy for extracting uranium from the subsurface after it has been precipitated and concentrated in discrete locations as the result of bioremediation of uranium contamination.
The finding that the addition of nitrate to Shiprock sediments resulted in the consumption of Fe(ll) and the production of U(VI) demonstrates the potential for nitrate-dependent oxidation of Fe(ll) and U(IV) in these sediments. The ability of some denitrifying microorganisms to oxidize Fe(ll) with nitrate as the electron acceptor is well-known (Hafenbradl et al., 1996; Straub et al., 1996; Straub and Buchholz-Cleven, 1998; Ratering and Schnell, 2001 ). Nitrate-dependent Fe(ll) oxidation has previously been observed in paddy soils (Kluber and Conrad, 1998; Ratering and Schnell, 2001) , freshwater aquatic sediment (Straub and Buchholz-Cleven, 1998 ) and acid mine drainage (Frattini et al., 2000) , but not in aquifer sediments. The U(IV) formed by microbial U(VI) reduction in these bottles was most likely solid form U(IV), such as the mineral uraninite. Nitrate-dependent U(IV) oxidation has not been previously reported.
Given that microorganisms in the family Geobacteraceae account for over 40% of the microorganisms whose 16S rDNA sequences could be recovered from these sediments during Fe(lll) and U(VI) reduction (Holmes et al., 2002) , it is possible that Geobacteraceae with respiratory capabilities similar to those of G. metallireducens may have been responsible for the Fe(ll) oxidation. Nitrate-dependent Fe(ll) oxidation has already been demonstrated with G. metallireducens (E. Roden, unpublished data), but it has not yet been determined whether G. metallireducens conserves energy from this process. Such studies are complicated by the fact that G. metallireducens appears to require an organic carbon source that can also support the growth of this organism (Lovley et al., 1999) . Although the Geobacteraceae were numerically dominant in these sediments it is possible that other, less prevalent, organisms were also catalyzing the above reactions.
These studies suggest that nitrate can serve as an electron acceptor for the oxidation of U(IV) in sediments. Nearly all of the U(VI) present prior to the microbial U(VI) reduction phase could be recovered again as U(VI) when nitrate was added. The studies with G. metallireducens suggest that some of the U(IV) oxidation might be the result of direct oxidation of U(IV) by microorganisms that can couple the oxidation of U(IV) to the reduction of nitrate. Solid form U(IV), such as uraninite, was not added directly to cell suspensions with G. metallireducens. However, under the given conditions of the cell suspension the soluble U(IV) added would be expected to form uraninite. Another likely mechanism for U(IV) oxidation is abiological oxidation of U(IV) by freshly precipitated Fe(lll) oxides that were produced as the result of microbial oxidation of Fe(ll) coupled to nitrate reduction. It has previously been demonstrated that such highly reactive Fe(lll) Multiple mechanisms for nitrate inhibition of Fe(//1) and
U(VI) reduction
The observation that less energetically favourable forms of anaerobic respiration are inhibited in the presence of electron acceptors that potentially yield more energy can, in some instances, be attributed primarily to competition for electron donors by the microorganisms carrying out the competing reactions (Lovley and Chapelle, 1995) . However, in this study, high concentrations of acetate were added to promote U(VI) reduction. Thus, competition for electron donors between nitrate reducers and metal reducers is not a valid explanation for the observed results.
As reported here for G. metal/ireducens and, has previously been found with S. putrefaciens (DiChristina, 1992) , some dissimilatory Fe(III)-reducing microorganisms that can use both nitrate and Fe(lll) as an electron acceptor may preferentially reduce nitrate when both electron acceptors are available, even in the presence of high concentrations of electron donor. The studies with G. metal/ireducens suggest that there is a similar preferential reduction of nitrate over U(VI). However, this phenomenon may not be the only explanation why nitrate inhibited Fe(lll) and U(VI) reduction in the sediments because, as shown in the studies with G. sulphurreducens, nitrate has no effect on metal reduction by dissimilatory metal-reducing microorganisms that cannot use nitrate as an alternative electron acceptor. These considerations suggest that the ultimate reason there is no net Fe(lll) and U(VI) reduction in the presence of nitrate is that any Fe(ll) or U(IV) produced will be rapidly reoxidized to Fe(lll) and U(VI). oxides can abiologically oxidize U(IV) (Nevin and Lovley, 2000a ). The addition of Fe(ll) stimulated U(IV) oxidation in nitrate-containing cell suspensions of G. metallireducens, presumably because the Fe(lll) produced as the result of Fe(ll) oxidation in the cell suspensions abiotically oxidized some of the U(IV). Furthermore, in the instance in which nitrite accumulated in the sediment following the addition of nitrate, some of the oxidation of U(IV) may have resulted from an abiotic reaction between the nitrite and U(IV). However, in heat-killed sediments abiotic oxidation of U(IV) with nitrite is slow compared to U(IV) oxidation when nitrate is added to live sediments (data not shown). Both the direct and indirect mechanisms may be functioning in the aquifer sediments. Regardless of which mechanism predominates, the net effect on uranium geochemistry is the same.
surface to stimulate U(IV) oxidation, regenerating a concentrated solution of U(VI) that could then be pumped to the surface from a downgradient recovery well. In this manner sequential manipulation of the microbial community to first reduce U(VI) and then oxidize U(IV) can provide a simple and inexpensive strategy for remediation of uranium-contaminated groundwater.
Environmental implications
The results have several implications for uranium biogeochemistry and the bioremediation of uraniumcontaminated groundwater. For the reasons discussed above, it is unlikely that there will be net U(VI) reduction in the presence of nitrate in any sedimentary environment.
Thus, when using microbial U(VI) reduction to precipitate uranium from contaminated waters, it will be necessary to add sufficient electron donor to reduce all of the nitrate for this strategy to be successful. However, the results demonstrate that the high concentrations of nitrate that are often associated with uranium contamination are not likely to be an impediment to uranium bioremediation. Once the nitrate in the sediments was reduced, concurrent Fe(lll) and U(VI) proceeded in a manner similar to that previously observed in other aquifer sediments which did not contain nitrate and uranium was effectively removed from the groundwater. As noted in previous studies with groundwaters low in nitrate , sulphate reduction did not appear to playa role in U(VI) reduction as U(VI) was reduced prior to sulphate. The more surprising practical benefit to be derived from this research is that addition of nitrate may be useful strategy to eventually recover the uranium that is concentrated in the subsurface during uranium bioremediation via dissimilatory metal reduction. Microbial U(VI) reduction has the potential to remove contaminant uranium from groundwater and, with the appropriate engineering design, concentrate the uranium in discrete zones as a uranium precipitate. This is beneficial because it prevents further migration of the uranium contamination. However, the uranium remains in the ground. The results presented here suggest that, once uranium remediation of the groundwater is complete, it should be possible to recover the precipitated uranium by injecting nitrate into the subExperimental procedure Sample site and sediment incubation Sediments were collected from near well 1103 within the floodplain of the San Juan River in Shiprock, New Mexico. The floodplain is contaminated with uranium from an adjacent uranium mill tailings pile which is a designated Department of Energy (DOE) Uranium Mill Tailings Remedial Act (UMTRA) site (Ivanova et al., 2000) . The tailings pile is approximately 800 feet long and 600 feet wide. It sits atop an escarpment overlooking the San Juan River. Water leaches from the tailings pile, moves through the floodplain, and flows into the river. Sediments from site 1103 were collected because geochemical data indicated that this site was impacted not only with uranium, but also with nitrate.
Groundwater was sampled with a peristaltic pump and water samples were collected in 160 ml serum bottles that were then sealed with thick butyl-rubber stoppers or, in Eagle Picher (Joplin, MO) amber vials (40 ml) that were sealed with a Teflon septum. Samples were stored at 4°C until processing. Samples for total dissolved iron and U(VI) analyses were stabilized by the addition 1 ml of 6 N HCI or 18 N H2SO4 respectively. Bulk groundwater was also collected and stored in collapsible cubes. Upon arrival in the laboratory the groundwater was bubbled with anaerobic gas in a two-litre Pyrex bottle and sealed with a thick butyl rubber stopper.
Sediment was collected from below the water table and immediately dispensed into anaerobic mason jars that were then sealed without a headspace. Sediment from site 1103 was loose, granular sand with some small and large cobbles. Large cobbles were removed. Samples were placed in coolers and shipped via overnight carrier to the laboratory. Anaerobic sediment was homogenized in a N2-filled glove bag and dispensed into serum bottles or pressure tubes. For studies on the rates of U(VI) removal from sediment, 80 g of sediment was dispensed into 160 ml serum bottles. Twenty millilitres of anaerobic groundwater was added and the bottles were sealed with a butyl rubber stopper and fastened with an aluminium crimp. For studies of the terminal electron-accepting process -20 g of sediment was placed in an anaerobic pressure tube and sealed with a thick butyl stopper. Upon removal from the glovebag, the headspace of each bottle and tube was flushed with N2:CO2 (95:5) that had been passed over hot copper filings to remove traces of oxygen. All sediments were incubated in the dark at 20°C.
The predominant terminal electron accepting process (TEAP) in the collected sediments was determined with [2-14C]-acetate as previously described (Anderson and Lovley, 2000) . An anaerobic solution of [2-14C]-acetate (specific activity of 44.5 mCi mmol-1. Sigma Radiochemicals, St. Louis, MO) was added to provide 0.4 IlCi per tube. All incu-bations were performed in triplicate. One set of tubes was amended with sodium molybdate at concentrations equivalent to the sulphate concentration in the groundwater as a specific inhibitor of sulphate reduction.
Amendments of acetate, U(VI) and nitrate were from concentrated anaerobic stock solutions. All liquid samples were taken with a sterile, gassed-out syringe and needle. Subsamples of sediment for total iron analysis were removed from each bottle with a sterile metal spatula under a flow of N2:CO2.
Pure culture studies
Geobacter meta/fireducens (ATCC 53774) and Geobacter sulphurreducens (ATCC 51573) were obtained from our laboratory culture collection. Washed cell suspensions were prepared as previously described (Nevin and Lovley, 2000a; Nevin and Lovley, 2000b) . Cultures were grown in anaerobic freshwater medium (Lovley, 2000) with 20 mM acetate as the electron donor and either 5 mM nitrate or 50 mM Fe(lll) citrate as the electron acceptor under an atmosphere of N2:CO2 (80:20). For growth on nitrate, 0.1 mM ascorbic acid and 0.25 mM ferrous sulphate were added as reductants. Cells were collected anaerobically via centrifugation, washed once and then re-suspended in 30mM bicarbonate buffer (pH -7). An aliquot of cells (0.3 ml) was added to 10 ml of anaerobic bicarbonate buffer under N2:CO2 in anaerobic pressure tubes. U(VI) was added as U(VI) acetate. U(IV) was added as U(IV) bromide. Nitrate was added as sodium nitrate. Fe(ll) was added as Fe(ll) sulphate. Fe(lll) was added as Fe(lll) citrate. Over time subsamples were taken and analyzed for nitrate, iron and U(VI) as described below.
Analytical techniques
HCI-extractable Fe(lll) and Fe(ll) were measured with ferrozine, as previously described (Lovley and Phillips, 1987; Anderson et al., 1998) . Nitrate, nitrite and sulphate were quantified with a Dionex DX-100 ion chromatograph (Dionex Corp., Sunnyvale, CA) with a DionexAS4-SC Ion Pac column. U(VI) dissolved in the groundwater was quantified via Kinetic Phosphorescence Analysis (KPA) (Chemchek Corp., LaBrea, CA).
